Po rous me dia ex posed to hu mid air ab sorb mois ture which can lead to ex ten sive inter nal dam age and fail ure. In this pa per, we an a lyze nu mer i cally the in flu ence of the mois ture in tru sion in a two
In tro duc tion
The study of po rous me dia has re ceived con sid er able at ten tion due to the large num ber of ap pli ca tions in sci ence and en gi neer ing [1, 2] . Mois ture in tru sion in po rous me dia, be sides de pend ing of po rous me dia prop er ties, is re lated to the con di tions of hu mid ity and tem per a ture of the sur round ing en vi ron ment [1] [2] [3] [4] . As po rous ma te ri als ab sorb and hold mois ture, they may be in ter nally af fected.
The pres ence of mois ture can cause swell ing and high lev els of mois ture may even tually lead to in ter nal dam age and fail ure [5] . The last oc curs when the in duced stress ex ceeds the fail ure strength of the po rous me dium. An un der stand ing of stress pat terns is very im por tant since po rous me dia may be ap plied in dif fer ent tech ni cal ap pli ca tions [1, 2] . De spite, moisture-in duced stress has re ceived far less at ten tion than fluid trans port through po rous me dia, and con se quently, the sub ject still poorly un der stood [1, 6] .
It is dif fi cult to study mois ture-in duced stress in the lab o ra tory [5, 7] . A model coupling mois ture trans port and stress bal ance may per mit to cal cu late in de tail the stress dis tri bution in po rous me dia. This pa per is an at tempt to pro vide new in sight into how stress pat terns develop within a po rous me dium. In this study, mois ture in tru sion in a two-layer po rous me dium was mod elled based on the ap proaches of van der Kooi [8] and Miguel [3, 9] . Based on the assump tion that the po rous me dium is viscoelastic (e. g., com bines the char ac ter is tics of elas tic solid and a vis cous fluid), an ap proach was de vel oped for the stress dis tri bu tion and to pre dict the oc cur rence of fis sures in side the po rous me dia. The re sult ing set of equa tions was solved numer i cally for a two-layer po rous me dium. The pro file of stresses and strains were com puted and the oc cur rence of fis sures ana lysed.
The o ret i cal frame work

Mois ture flux
Con sider a po rous me dium ex posed to hu mid air. In case of ther mal equi lib rium between the po rous me dium and the sur round ing at mo sphere, the steady mois ture in tru sion Q from the at mo sphere to the po rous me dium sur face is given by [2, 8, 10] : .
.
T (4)
The mois ture flux within the po rous me dium is [1-3, 9, 10]:
and the rate change of mois ture con tent in side the me dium is given by:
with
where & Q de notes the time de riv a tive of the mois ture con tent.
Stress-strain ap proach and fail ure cri te rion
High lev els of mois ture in side the po rous me dia may cause swell ing and ex ten sive inter nal dam age. For a lin ear viscoelastic po rous me dium the re la tion ship be tween lo cal stress and strain can be writ ten as [5] :
where & e rep re sents the time de riv a tive of strain. Un der iso ther mal con di tions, the strain e is equal to the sum ma tion of the viscoelastic com po nent e el [5, 11] and the hy gro scopic com po nent e hy [9] , be ing this com po nent ex pressed by:
e a hy 0
where a rep re sents the lin ear hy gro scopic ex pan sion [12] . Ac cord ing to Christensen [11] , the in ter nal dis place ment of the me dium d is re lated to the strain e by: e = wd
The study of fis sure ini ti a tion and prop a ga tion re quires a fail ure cri te rion. This cri terion is based on the lo cal strain en ergy E st . The strain en ergy is the mea sure of the en ergy stored in a me dium and is given by [13] :
The me dium fail ure is ini ti ated when the strain en ergy reaches a crit i cal value de fined by [13] :
where s ult rep re sents the ul ti mate strength and K is the bulk modulus of the me dium.
Prob lem def i ni tion and nu mer i cal so lu tion
The po rous ma te rial de picted in fig. 1 is con sid ered here. The cy lin dri cal-shaped medium com prises in side an el lip soid-shaped layer, be ing each one ho mo ge neous and iso tro pic but made of dif fer ent ma te ri als. This two-layer config u ra tion is com mon in nat u ral and en gi neered sys tems and can be used as a means to cre ate a bar rier to mi grat ing flu ids [14] .
Com pu ta tional sim u la tions in the ge om e try de picted in fig. 1 were per formed us ing a finite-el e ment scheme [15] . A viscoelastic bound ary prob lem is gov erned by the fol low ing re la tions in a sim i lar man ner to the elas tic bound ary used in gen eral lit er a ture [11] :
where s is the stress vec tor and F is the body force vec tor. The air hu mid ity is pre scribed at the sur round ing at mo sphere while the ini tial mois ture con tent of the po rous me dium is also set. A com plete and de tailed de scrip tion can be found in [9] . The ac cu racy of our nu mer i cal sim u la tions was val i dated with re spect to re fine ment and spa tial res o lu tion of the grid based on the method ol ogy pro posed by Roache [15] . Grids with 12500-135000 tet ra he dral cells and 20000--25000 nodes are found to be ap pro pri ate for the pres ent study (fig. 2) . The so lu tion con verged rap idly and monotonically. Con ver gence was typ i cally achieved around 900 it er a tions. A com plete and de tailed de scrip tion of the so lution method can be found in [16, 17] .
Eval u a tion of the pre dic tive ac cu racy of the nu mer i cal model
As far as is known, ex per i men tal in ves ti ga tions on stress dis tri bu tion in a po rous medium com posed by cy lin dri cal-shaped and el lip soid-shaped lay ers are not avail able in the lit er a - ture. The pre dic tive ac cu racy of our model is made by com par ing our re sults against ex per i mental ob tained by Breuer [18] on a prolate spher oid po rous me dia com posed two dif fer ent lay ers (length 2.5 cm, di am e ter 1 cm). The re sult of this com par i son is plot ted in tab. 1. Table 1 in di cates that the pre dic tion made with our model is within the ac cu racy in terval of the mea sure ments per formed by [18] .
Fore sight study: stress dis tri bu tions in po rous me dia
Hav ing ob tained sat is fac tory re sults with the pro posed nu mer i cal model (sec tion 4.), we were able to use the ap proach de vel oped in this work to pre dict the mois ture con tent in side the po rous me dia ex posed to hu mid air, as well as the stress dis tri bu tion and the fis sures oc cur rence un der the in flu ence of the mois ture in tru sion. The fol low ing in ves ti ga tion is intended to pro vide qual i ta tive fea tures of the mois ture in tru sion within the po rous me dium depicted in fig. 1 . The cy lin dri cal-shaped me dium (ra dius 1.0 cm, length 5.0 cm) com prises in side an el lip soid-shaped layer (max i mum ra dius 0.9 cm, length 4.0 cm). In or der to per form the simu la tions the po rous me dium char ac ter is tics and the en vi ron men tal con di tions should be known. Table 2 shows the model parameters for the situations simulated.
First the mois ture con tent within the po rous me dia ex posed to dif fer ent hu mid ity levels was sim u lated. Fig ure 3 shows the av er age mois ture con tent in the po rous me dium. As expected, the plot in di cates that the mois ture con tent in creases while the air hu mid ity in creases too. Be sides, the mois ture con tent has a log a rith mic de pend ence of the air hu mid ity. This re sult is in agree ment with [8, 10] . Ini tial mois ture con tent 0.035 Ini tial mois ture con tent 0.071
Ex per i ment [18] Our sim u la tion Ex per i ment [18] Our sim u la tion 61 85 98
1.1 ± 0.2 2.1 ± 0. Once the mois ture con tent in side the porous me dium is ob tained, stresses and strains are sim u lated based on eqs. (8) to (14) . For con ve nience the re sults are pre sented in terms of a dimensionless pa ram e ter W that rep resents the ra tio be tween the lo cal moisture-caused stress s t and the fail ure (ten sile or com pres sive) strength s ult vs. l/L (ra tio between the lo cal po si tion and the char ac ter is tic di men sion con sid ered for the three main direc tions). The re sults are plot ted in figs. 4 to 9. Ac cord ing to these plots, W may be a pos i tive or a neg a tive value. For the point of view of phys ics, a pos i tive W means that ma te rial is un der ten sile ten sion while a neg a tive value means that the ma te rial is un der com pres sion. In the ab sence of fis sures W var ies -1 and 1 (-1 < W < 1). Out side of this in ter val the ul timate (ten sile or com pres sive) strength is exceeded and fis sures be gin to oc cur through the me dium.
The ef fect of the rel a tive hu mid ity of the at mo sphere that sur rounds the po rous me dia, and the time of ex po sure on the ra dial, ax ial, and tan gen tial stresses is shown in figs. 4 to 6.
Fig ure 4 shows the ra dial W dis tri bu tion at the cen tral plane of the po rous me dium, when ex posed to air rel a tive hu mid ity of the 0.70 and 0.95, dur ing 12 and 72 hours. The plot indi cates that the mois ture-caused ra dial stress is ten sile but near the sur face of the me dium is close to zero. The ul ti mate strength is not exceeded and con se quently fis sures can not occur.
The ax ial W dis tri bu tion at the cen tral plane of the po rous me dium is plot ted in fig. 5 . The plot shows that the stress is com pres sive near the me dium sur face and ten sile in the re maining parts. The ul ti mate strength is ex ceeded at the cen tre of the me dium (0.38 < l/L < 0.62), when the po rous me dium is ex posed to a rel ative hu mid ity of 0.95 for 72 hours. The W peak (1.32) oc curs right in the mid dle (l/L = 0.5) and in di cates that the mois ture-caused ten sile stress ex ceed the ul ti mate strength by 32%.
The tan gen tial W dis tri bu tion on the po rous me dium when ex posed to the air rel a tive humidities of the 0.70 and 0.95 is dis played in note that W de creases when the ini tial equi lib rium mois ture con tent in creases. There fore, a medium hav ing low equi lib rium mois ture when ex posed to high hu mid ity en vi ron ments may develop fis sures more eas ily (in par tic u lar with ax ial stress) than ma te ri als with high equi lib rium mois ture.
Con clud ing re marks
The study re ported in this pa per is de voted to the mois ture-caused stress in side a viscoelastic po rous me dium. A nu mer i cal study was de vel oped in a two-layer po rous me dia. The anal y sis re vealed that the mois ture con tent in side the po rous me dium is a log a rithm function of the air hu mid ity. Be sides, the study showed that the mois ture con tent in side the po rous me dium af fects the stress dis tri bu tion in side it. The re sults also re vealed that the lo cal stress increases with ex po sure time to hu mid air but de creases with ini tial equi lib rium mois ture con tent of the po rous me dium. The mois ture-in duced ra dial stress is ten sile but ax ial and tan gen tial stress com po nents may be ten sile and com press ible. The ul ti mate strength of the me dium was only ex ceeded for the stresses in ax ial and tan gen tial di rec tion. Con se quently, fis sures do not oc cur in ra dial di rec tion. 
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